ABSTRACT: Vertical integration of two-dimensional materials has recently emerged as an exciting method for the design of novel electronic and optoelectronic devices. Using density functional theory, we investigate the structural and electronic properties of two heterostructures, graphene/phosphorene (G/BP) and hexagonal boron nitride/phosphorene (BN/BP). We found that the interlayer distance, binding energy, and charge transfer in G/BP and BN/BP are similar. Interlayer noncovalent bonding is predicted due to the weak coupling between the p z orbital of BP and the π orbital of graphene and BN. A small amount of electron transfer from graphene and BN, scaling with the vertical strain, renders BP slightly n-doped for both heterostructures. Several attractive characteristics of BP, including direct band gap and linear dichroism, are preserved. However, a large redistribution of electrostatic potential across the interface is observed, which may significantly renormalize the carrier dynamics and affect the excitonic behavior of BP. Our work suggests that graphene and BN can be used not only as an effective capping layer to protect BP from its structural and chemical degradation while still maintain its major electronic characteristics, but also as an active layer to tune the carrier dynamics and optical properties of BP.
INTRODUCTION
Two-dimensional (2D) atomically thin materials, such as graphene (G), hexagonal boron nitride (BN) and transition metal dichalcogenide (TMD), are of considerable interest owing to their intriguing mechanical, electronic, optical, and electrochemical properties promising for a wide range of applications. [1] [2] [3] [4] Recently, the main research focus has shifted from mono-component systems to hybrid ones comprised of at least two types of chemically different 2D materials, such as graphene/BN, 5 graphene/TMD, 6, 7 BN/TMD, 8 graphene/silicene, 9, 10 and TMD/TMD. 11 These stacked 2D materials form 2D heterostructures, which may possess many intriguing properties, such as novel electronic and optical properties and improved efficiency for carrier injection by modulating the barrier height. [12] [13] [14] [15] [16] More recently, black phosphorene (BP), a new elemental 2D material, has attracted great attention owing to its fascinating properties, such as a finite direct band gap and high mobility (1000 cm 2 V -1 s -1 at room temperature). 17 Importantly, field effect transistors [18] [19] [20] [21] and high-frequency nanoelectromechanical resonators 22 based on BP have been demonstrated. Owing to its puckered honeycomb structure, BP shows strongly anisotropic electronic and optical properties, [23] [24] [25] [26] [27] which are distinctively different from other 2D materials investigated so far. Monolayer or fewlayer BP has been synthesized by mechanical cleavage, 28, 29 liquidphase exfoliation 30 and a transport reaction from red phosphorus. 31 Experimentally, BP/TiO 2 hybrid structure 32 for photocatalysis and production of BP quantum dots 33 were reported. Meanwhile, a wealth of theoretical studies were performed to examine its anisotropic electronic structure, 34, 35 large excitonic interaction, 36, 37 and novel photonic responses. 38, 39 First-principles calculations were performed to understand the effects of defects 40, 41 and external stimuli, such as strain and electric field, [42] [43] [44] [45] [46] on the electronic properties. Interestingly, phosphorene was found to show a giant phononic anisotropy, which is squarely opposite to its electronic counterpart, enabling the asymmetrical transport of electrons/holes and phonons. 47, 48 Despite its many great attractions, a major challenge to use BP for electronic applications is its structural instability at ambient condition. 49, 50 Recent works showed that the electronic properties of BP are quite sensitive to external molecules in air 51 and the surface of thin black phosphorus becomes rough after exposure in air within several hours. 52 Nonmagnetic pristine phosphorene becomes magnetic after the adsorption of N, Fe, or Co adatoms, and the magnetic phosphorene with mono-vacancies becomes nonmagnetic after the adsorption of C, N, or Co atoms. 53 Furthermore, spin polarized semiconducting state is realized in phos-phorene by substitutional doping of Ti, Cr, and Mn, while halfmetallic state is obtained by V and Fe doping. 54, 55 In addition, surface functionalization of phosphorene by different kinds of organic molecules can serve as electron acceptor or electron donor, depending on the relative position of the occupied molecular states to the band edges of phosphorene. 56 Although these interesting studies provide useful insights into controlling the electronic and magnetic properties of phosphorene, the chemical sensitivity of phosphorene to external adsorbates also makes it difficult to achieve robust device performance.
Therefore, enhancing the stability of BP is critically important for any device applications. A recent study showed that the ambient degradation can be suppressed by a proper surface passivation. 57, 58 Multilayer BP was predicted to present a better performance than its monolayer counterpart. 34 Besides, few-layer BP flakes passivated by Al 2 O 3 were found to be stable in ambient air for two months. 59, 60 Thus, how to protect phosphorene from structural and chemical degradation is an important research topic. Naturally, chemically stable 2D materials, such as graphene and BN, may be used for protecting fragile, low-chemical stability 2D materials, such as phosphorene and silicene. Indeed, stabilization of silicene by graphene was recently demonstrated, 10 and an improved quality of deposited TMD layers was also found by adopting BN or graphene substrates. 61 Although it is an attractive idea to use grapheneor BN as a capping layer to protect BP, some fundamental issues in the G/BP and BN/BP heterostructures, such as interface bonding, charge transfer, band gap change and band alignment, remain unknown. For device applications based on G/BP and BN/BP, understanding these fundamental issues is highly important and essential. The structural and electronic properties of graphene/phosphorene heterostructure were recently studied. 46 It was found that a perpendicular electric field was able to tune the position of the band structure of phosphorene with respect to that of graphene, which enables a controllable Schottky barrier height in the heterostructure.
In this work, we investigate the electronic structures of two vertically stacked heterostructures, G/BP and BN/BP, by performing first-principles calculations. We find that nonconvalent bonding at the interface and a van der Waals (vdW) gap are formed in both heterostructures. The direct band gap of BP is deserved upon contacting with G or BN owing to the weak coupling of the p z orbital of BP and the π orbital of graphene and BN. However, a large redistribution of the electrostatic potential across the interface is observed, which may significantly renormalize the carrier dynamics and affect the excitonic behavior of phosphorene. Thus, our work suggests that the graphene and BN can be used not only as a capping layer to protect BP from structural and chemical degradation while still maintain its major electronic characteristics, but also as an active layer to improve the contacting performance of BP with metal electrodes and enable the optimization of the Schottkey barrier by modifying the thickness of graphene or BN layers.
COMPUTATIONAL METHODS
First-principles calculations are performed by using the plane wave code Vienna ab initio simulation package (VASP) 62 within the framework of density functional theory (DFT). Spinunrestricted generalized-gradient approximation (GGA) with the Perdew-Burke-Ernzerhof functional (PBE) with the projector augmented wave are adopted. vdW-corrected functionals such as Becke88 optimization (optB88), 63 the optimized PBE (optPBE), show the S1 and S2 structures, respectively. Between them, there is a relative shift of the two monolayers along the lateral direction. The carbon and phosphorus atoms are represented by the grey and violet balls.
and the original Dion exchange-correlation functional (vdW-DF) 65 are used to account for the dispersive forces between the atomic sheets. The thickness of the vacuum region is greater than 15 Å to avoid the spurious interaction due to the periodic image. All the structures are optimized until the forces exerted on each atom are less than 0.005 eV/Å. The first Brillouin zone is sampled with a 5×14×1 Monkhorst-Pack grid together with a kinetic energy cutoff of 400 eV. The binding energy (E b ) between phosphorene and graphene or BN is calculated as E X/BP -E X -E BP , where X represents graphene (G) or BN, and E X/BP , E X and E BP are the energies of the hybrid bilayer, monolayer graphene or BN, and monolayer phosphorene, respectively.
RESULTS

Structure and energetics of G/BP structure
In order to simulate the electronic properties of the G/BP heterostructure, a bilayer G/BP structure is constructed by combining an orthogonal supercell (√3×1) of graphene and a 3×1 supercell of phosphorene. Based on the relaxed structure, the lattice constants of phosphorene are 3.34 and 4.57 Å along the zigzag and armchair direction, respectively. For graphene, the edge length of the basic hexagon is 2.46 Å. Supercells of both layers are created in commensuration with the common lattice, and the lattice constants of the G/BP heterostructure are chosen to be 9.92 and 4.42 Å along the zigzag and armchair direction, respectively, to reduce the strain in both layers. This strategy was also adopted in previous studies for hybrid layers. 9, 46 A lattice mismatch of around 3% compressive (tensile) strain occurs along the armchair direction and less than 1% compressive (tensile) strain along the zigzag direction of phosphorene (graphene). Since phosphorene possesses extraordinarily large stretchability along the armchair direction, we therefore also construct G/BP structures by fixing the lattice constant along the armchair direction to that of isolated graphene. The main electronic characteristics include band structure, potential drop and charge transfer between the structures (Note that the charge transfer is calculated by integrating the planar differential charge density as described below). We have adopted these two sets of lattice constants and found that the differences in the bandgap, potential drop and charge transfer are less than 0.1%, suggesting that the differences are negligible.
To examine the effect of the dispersive forces, we employ three different vdW-corrected exchange-correlation functionals: optB88, optPBE, and vdW-DF. In addition, two different stacking patterns of graphene and phosphorene layers are considered: The bottom ridge of the phosphorene layer directly aligns with the zigzag carbon chain, denoted as S1 structure (Fig.1a) ; and the bottom ridge of the phosphorene layer aligns with the centers of the hexagons, denoted as S2 structure (Fig.1b) .For all the vdWcorrected functionals, the S1 configuration is slightly more stable than the S2 configuration with a slightly larger absolute value of E b of around 50 meV. Hence, in the following, we mainly consider S1 structure. Figure 2 shows the E b as a function of interlayer distance (h). The predicted interlayer distance is 3.49, 3.59, and 3.76 Å and the predicted minimum E b is -79, -71, and -58 meV/P by optB88, optPBE, and vdW-DF functionals, respectively. While all the three functionals are developed based on the non-local vdW functional of Dion et al., 65 different strategies in describing the exchange and the non-local correlation functional clearly lead to marked differences in quantifying the interlayer interaction. Previous study 66 showed that for graphite, the optPBE give a good prediction for the interlayer binding energy but overestimate the interlayer spacing by ~6%; while the optB88 functional gives a reasonable prediction for both the interlayer distance and binding energy. Therefore, for the G/BP heterostructure, the interlayer spacing is believed to be around 3.49 Å based on optB88 functional and the binding energy E b is -71 meV/P according to the optPBE functional.
To give an empirical description of the interlayer potentials, the discrete interlayer binding energy per phosphorus atom (E) based on optB88 functional calculation as a function of interlayer distance is fitted by the commonly-used Buckingham potential and the Lenard-Jones (LJ) potential: The interlayer interaction energy, which is obtained by using the vdW-corrected functional, enables the evaluation of the elastic constant in the normal direction (C 33 ) of the G/BP heterostructure. Based on the discrete distance-energy points, C 33 is extracted by calculating the second derivative of the parabolic fitting curve at the energy minimum according to the following formula:
where h 0 is the equilibrium interlayer distance at the minimum of the parabola fitting h-E curves, S is the area of the supercell, and E is the total energy. The predicted C 33 of the G/BP heterostructure is 28 GPa from optB88 calculation, which is smaller than that of graphite, 38 GPa. 66, 67 The underlying reason of this softening maybe due to the puckered honeycomb structure of phosphorene, which significantly decreases the rigidity, causing a large flexibility along both the in-plane direction and out-of-plane direction.
Electronic structure of the G/BP heterostructure
The electronic structure of the G/BP heterostructure is shown in Fig. 3 . Orbital-decomposed band structure (Fig. 3a) shows that both the Dirac-cone of graphene and the direct band gap of phosphorene are preserved. Due to the breaking of the structural symmetry and the asymmetric potential normal to the layers, there exists a small band gap opening (around 1.3 meV) of graphene in the G/BP heterostructure. Unlike the graphene/silicene bilayer, 9 the Fermi level in the G/BP is located exactly inside the small Dirac bandgap, indicating that the charge doping effect is small in graphene. The bandgap (~0.9 eV, GGA result) of BP layer is nearly unchanged upon contacting with graphene. Note that this band gap value is grossly underestimated due to the well-known deficiency of GGA functional. These results imply that graphene can be a promising candidate either as a capping or supporting layer for encapsulating phosphorene layer or as a sandwiched layer between phosphorene and metal electrode to enhance the contact performance while still maintain the electronic properties of phosphorene. Fig. 4 LDOS of the G/BP heterostructure. The electronic states from phosphorene and graphene are plotted in red and black, respectively. In the bottom panel, the p x and p y states are represented by the solid and dashed lines, respectively. According to Fig. 3a , the valence and conduction bands along the S-X and X-Γ directions show clear orbital hybridization between graphene and BP, while such hybridization is less significant for carriers with momentum along the Y direction (Y-S and Γ-Y paths), which reflects the orientation-dependent interlayer interaction with a stronger orbital coupling along the X direction (the ridge direction of BP sheet) than along the Y direction (the armchair direction of BP sheet). The close-up views of the momentum-energy curves near the Dirac cone are shown in the insets of Fig.3a . Figure 3b shows the surface plots of the valence and conduction bands in the whole 2D Brillouin zone of the G/BP bilayer. Together with the above-analyzed orbital population of the bands as shown in Fig. 3a , it is seen that the long ridge along the Γ-X direction in the surface plot is ascribed to the conduction and valence bands of BP, which are strongly anisotropic, and the Dirac-cone of graphene is directly located above this long ridge (Fig.3b) .
The local density of states (LDOS) of the G/BP heterostructure is shown in Fig. 4 . For BP, the s, p x , p y , p z states are nearly uniformly distributed acrossthe whole energy spectrum except with in the bandgap, whereas for graphene, the frontier states are only comprised of p z orbital and there is a gap ranging from -2.5 eV to 5.5 eV for s, p x , and p y orbitals. The striking feature is that in the vicinity of the valence band top, there is only p y state but no p x state in phosphorene. Such an asymmetry of the alignment of p x and p y orbitals around the Fermi level is critical for the realization of the linear dichroism in phosphorene: Light polarized along they (armchair) direction being strongly adsorbed while that polarized along the x (zigzag) being transparent for an energy window between 1.1 and 2.8 eV. 36 The calculated band alignment between graphene and phosphorene shows that the linear dichroism is likely to be preserved in the G/BP heterostructure owing to the transparency of the graphene layer to the linear x-and y-polarized light. This anisotropic character of optical response may be important for identifying the orientation of the capped phosphorene layer below graphene during applications. From the technical viewpoint, identifying the thickness of the bottom BP layer is not straightforward as in pristine BP samples. As the energy window for observing linear dichroism is scaling with the thickness of the BP layer, 23, 36 this allows an effective strategy for determining the number of BP layers below graphene.
Charge redistribution and transfer
We next analyze the charge transfer between the graphene and phosphorene layers. Figure 5(a) shows the differential charge density (DCD) ∆ρ(z) along the direction normal to the surface, which is calculated by integrating the in-plane DCD. The amount of transferred electron up to z point is given by ∆ ∆ ′ dz′. In Fig. 5a , we plot the position-dependent ∆ρ(z) and ∆Q(z). It can be seen that the graphene layer donates electrons to the phosphorene layer, which leads to n-doping in phosphorene and p-doping in graphene. The isosurface of the DCD is plotted in Fig.5b , where the loss and the accumulation of electrons across the interface are vividly depicted.
The total gain of electrons in the 4×3 supercell of phosphorene, which is found to be 0.038 e (on average, around 0.003 e per P atom), is determined by the value of ∆Q(z) at the G/BP interface (defined as the plane of zero charge variation as shown in the ∆ρ(z) curve). This small charge transfer and weak binding energy indicate that the interaction between the p z state of BP and the π state of graphene is not strong, and there should be a very small value of the tunneling integral between the p z state of BP and the p z orbitals of graphene in the Hamiltonian. Interestingly, our calculations suggest that the interaction can be enhanced upon applying compressive strain normal to the plane. The inset of Fig. 5a shows that the amount of charge transfer increases linearly with decreasing the interlayer distance h, ranging from 0.003 e per phosphorus atom at the equilibrium distance of 3.49 Å to 0.005 e at 3.08 Å. Figure 5c shows the plane averaged electrostatic potential along the perpendicular direction of the G/BP bilayer. The work function of the G/BP bilayer is 4.62 eV. The potential drop (∆V G/BP ) across the bilayer is found to be 6.42 V. Such a large potential difference implies a strong electrostatic field across the interface, which may significantly influence the carrier dynamics and charge injection if the graphene is served as the electrode. In addition, the excitonic behavior of G/BP can be quite different from that of the isolated phosphorene layer as the gradient of the potential across the interface may facilitate the separation of electrons and holes.
Structural and electronic properties of BN/BP
In the following, we explore the related properties of BN/BP heterostructure. For BN/BP system, the same as G/BP one, the S1 configuration is the most stable structure. Our calculation based on optB88 shows that the equilibrium interlayer distance between BN and BP is 3.46 Å, which is slightly smaller than that of G/BP (3.49 Å) . This is similar to the bulk graphite and BN, which are experimentally measured to have essentially the same interlayer distance (~3.33 Å for Bernal stacked graphite and AA' stacked BN) despite their different chemical compositions. As shown in Fig.2 , the E-h curves of BN/BP are close to those of G/BP and the binding energy E b is also around -79 meV/P. The interlayer vdW interaction is fitted by using both the Buckingham potential and the LJ potential, and the fitted parameters are shown in Table 1 . The similarity in the interlayer binding energy between G/BP and BN/BP is believed to be due to the compensation of electrostatic and dispersive interaction: The more favorable electrostatic interaction in polar BN is balanced by the greater dispersive force in graphene 66 when contacting with phosphorene.
Charge transfer analysis shows that the BN layer acts as a weak donor upon contacting with phosphorene, with each P atom receiving around 0.003 e, which is similar to the G/BP case. Figure  6 shows the decomposed band structure of BN/BP. In contrast to G/BP case, the bands associated with phosphorene are closer to the Fermi level. We calculate the work function (6.1 eV) and band gap (5.95 eV) of BN based on HSE06 hybrid functional, together with the previously predicted work function (5.16 eV) and band gap (1.52 eV) of phosphorene, 34 and predict that the band alignment between BN and phosphorene (inset of Fig.6 ) is a stradding gap (type I). This alignment is also predicted by using PBE calculation, with the values of work function being 5.38 and 4.54 eV, and the values of band gap being 4.90 and 0.35 eV for BN and phosphorene, respectively. The buried electronic states of phosphorene suggest that BN is intrinsically transparent with respect to phosphorene and can be a good protecting layer for phosphorene. However, as shown in Fig. 5c , the potential drop across the BN/BP interface is only 3.59 V, which is much smaller than that of G/BP. Similarly, the electrostatic electric field built at the interface should also exert some effects on the electron-hole recombination in both BN and BP.
DISCUSSIONS
Phosphorene can be easily doped by external molecules, 51 and thus it is of great interest to explore the effect of intercalated molecules in the G/BP and BN/BP heterostructures. The BN and graphene capping layer should effectively separate BP from those external molecules, and G/BP and BN/BP heterostructures are expected to have a higher chemical stability than the BP monolayer used alone. Moreover, due to the presence of the lone-pair state, monolayer phosphorene can be strongly corrugated when contacting with common metal electrodes, which may degrade its performance and cause additional uncertainties. Owing to the π state and atomically smooth surface, BN and graphene have an excellent structural integrity when contacting with both metal electrodes and phosphorene, thus serving as a perfect sandwiched layer between phosphorene and metal electrode. Moreover, the weak screening behavior in these ultrathin atomic layers suggests that the barrier height can be easily affected by external electric field, [68] [69] [70] which opens new possibilities to control the transport of carriers across the interfaces.
In contrast with the widely explored graphene/BN, 5 graphene/TMD, 6, 7 BN/TMD, 8 graphene/silicene, 9, 10 and TMD/TMD11heterostructures, where the two epitaxial layers have the same type of 2D Bravais lattice, the symmetry of the lattice between graphene or BN and BP are different. As a result, the G/BP and BN/BP heterostructures serve as a unique case to explore the effects arising from the asymmetrical potentials with the hexagonal superlattice being superimposed on the orthogonal superlattice. Such integration is expected to induce a novel Moiré Table 1 . Best-fit parameters for the interlayer interaction, averaged to each phosphorus atom, of the G/BP and BN/BP heterostructures using the Buckingham and Lenard-Jones (LJ) potentials based on optB88 functional. C 33 is obtained based on the parabolic curve fitted to the discrete distance-energy points around the equilibrium distance obtained from the optB88 calculations. pattern and long-range weak periodic potential, thus providing a new approach to tune the direction-dependent transport behavior of electrons and holes in both layers.
CONCLUSION
We investigate the electronic properties of G/BP and BN/BP heterostructures by using first-principles calculations. Both heterostructures are found to be stabilized by weak vdW interactions and possess a small charge transfer across the interface. The intriguing electronic properties of BP, such as the direct band gap and linear dichroism are maintained upon contacting with graphene or BN, which is an advantage for adopting graphene or BN to cover and protect the chemical-and environment-sensitive phosphorene layer and to enhance its chemical stability and structural integrity in ambient condition. In addition, a large redistribution of electrostatic potential across the interface is observed, which may significantly renormalize the carrier dynamics and affect the excitonic behavior of phosphorene. The potential redistribution across the interface suggests that graphene or BN can serve as an active layer to tune the carrier dynamics of phosphorene. Hence when graphene or BN is inserted in between a metal electrode and phosphorene, such heterostructure can prevent the degradation of phosphorene by avoiding the direct contact of phosphorene with the metal electrode.
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